ABSTRACT
INTRODUCTION
The highly conserved 150-160 amino acids long POU domain was originally discovered following the cloning of the three mammalian transcription factors Pit-1, Oct-2 and Oct-1 (1) (2) (3) (4) (5) (6) (7) and the Coenorhobditis elegans developmental regulator Unc-86 (8) . Since then, a number of genes belonging to the POU family have been described in mammals (reviewed in 9), chicken (10) , Xenopus (11) (12) (13) , C.elegans (14) and Drosophila (15) (16) (17) (18) .
The POU domain contains two highly conserved motifs: the POU-specific (POUg) domain and the POU homeo domain (POUHD) separated by a poorly conserved linker region. The POU S domain is unique to the POU protein family while the is distantly related to the classic homeo domain. Based on sequence homology throughout the POU domain including the linker region, POU domain proteins have been grouped into five different classes (9, 19) . In a variety of homeo domaincontaining proteins the homeo domain is necessary and sufficient for specific DNA-binding (5, (20) (21) (22) . In contrast, the POU domain is a bipartite DNA-binding motif. The POUHD alone is capable of low-affinity binding with relaxed specificity. The POU S alone is unable to bind DNA but in context with the POUHD i* makes contact with DNA and is necessary for highaffinity, specific binding (23) (24) (25) (26) (27) (28) . Many of the POU domain proteins bind to the octamer motif ATGCAAAT (hence the designation Oct) found in the promoters and enhancers of immunoglobulin heavy and light chain genes, histone H2B and small nuclear RNA genes (29) (30) (31) . However, POU domain proteins have also been found to bind to sequences clearly different from the octamer motif (28, (32) (33) (34) . Hence, Oct-1, Oct-2, Pit-1 and Tst-1 (SCIP/Oct-6) can also bind to the TAATGARAT (R=purine) motif necessary for stimulation of transcription of herpes simplex virus (HSV) immediate early genes. All POU domain proteins are thought to function as transcription factors. Some have been shown to act as activators others as repressors of specific genes (2, 5, (35) (36) (37) (38) . The multifunctional POU domain is capable of protein-protein interactions, both with POU proteins (homo-and heterodimer formation) and with other transcription factors (16, 23, 24, (39) (40) (41) (42) .
There is also evidence for involvement of POU family proteins in DNA replication. For example, both Oct-1 and Oct-2 stimulate initiation of adenovirus DNA replication in vitro via the POU domain (27, 43) . Also, Verrijzer et al. (44) have recently shown that Oct-1, Oct2A, Oct-6 and Pit-1 induce DNA bending upon binding to the octamer motif.
In mammals, several members of the POU gene family including pit-1, oct-2, bm-1, brn-2, tst-1, brn-3 and oct-6 (1) (2) (3) 5, 6, 35, 45) are expressed widely in the developing central nervous system (CNS) and in some cases in a limited number of other organs. They also show distinct patterns of expression in the adult mammalian brain (35) . In the case of Pit-1, an involvement in specifying a pituitary phenotype by activating the transcription of prolactin and growth hormone genes has been demonstrated (2, 46) whereas Oct-2 is capable of activating lymphoid specific promoters (5, 6) . Oct-3/4 is expressed in primordial germ cells, unfertilized oocytes and in the inner cell mass and may play a role in early developmental decisions (47) . In contrast, Oct-1 is believed to be ubiquitously expressed (7) . In C.elegans, unc-86 is expressed in a number of distinct neuroblasts and neurons shortly after neuroblast divisions, and although no clear correlation to neural functions can be made, a direct coupling to cell lineage has been shown (48) . In Drosophila the spatial expression of dpou -19, (pdm-2) , dpou-28 ipdm-1), and cfla is predominantly confined to restricted areas at the cellular blastoderm stage and, later in development, to the embryonic nervous system and the hindgut (17, 18) .
In this paper we report for the first time the isolation of cDNA for a zebrafish POU family gene which is ubiquitously expressed during embryogenesis. The POU domain of this protein is unusually divergent in its sequence suggesting that it belongs to a novel class of POU family proteins. This protein binds very poorly to the canonical octamer sequence but binds with high affinity to the TAATGARAT motif and degenerate octamer-TAATGA motifs and also induces DNA bending upon binding to these motifs.
MATERIALS AND METHODS
Cloning and sequencing A cDNA clone encoding pou[c] was isolated by screening of approximately 1.5 X10
6 plaques of a 33 h zebrafish embryonic lambda gtll cDNA library (provided by K.Zinn) by plaque hybridization at low stringency (49) using a 380 bp HindUl fragment from the salmon pit-1 POU domain (provided by R.Aasland) as a probe. The cDNA insert was subcloned into the EcoRI site of pGEM-3Zf(+) (Promega Biotec) yielding pcZF20. Following restriction mapping and subcloning in M13mpl8 and -19 both strands of overlapping fragments from the cDNA insert were sequenced using Sequenase (U.S. Biochemicals). Subcloning of specific restriction fragments were performed as described by Johansen (50) . DNA sequences and derived amino acid sequences were analyzed on a DEC/UNIX computer using the GCG software package (version 7.1;51).
Construction and purification of a GST-pou[c] fusion protein
To construct a fusion between glutathione S-transferase (GST) and pou[c] a 1110 bp Stul-Xwil fragment (nucleotide positions 1317-2427 in Fig. 1A ) from pcZF20 encoding the C-terminal 267 amino acids of pou[c] was inserted into the Smal site of pGEX-2T (52) yielding pZEX20. The GST-pou[c] fusion protein was purified from 100 ml culture of E.coli MVl 190 harbouring pZEX20 essentially as described by Smith and Johnson (52) . The intregity and purity of the 55 kD fusion protein was assessed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) followed by both coomassie blue and silverstanining. The purified fusion protein was adjusted to 0.4 /xg//d and stored in 50 mM Tris-HCl, pH 8.0, 50 mM KC1, 1 mM EDTA, 1 mM dithiothreitol (DTT), 1 mM PMSF, 0.05% Tween 20 and 20% glycerol at -20°C.
Gel mobility shift assays (GMSA) DNA binding reactions were performed at room temperature in a 20 /J reaction mixture containing 100 mM NaCl, 20 mM A^-2-hydroxyethylpiperazine-yV-ethanesulfonic acid (HEPES)-KOH (pH 7.5), 0.5 mM EDTA, 0.5 mM DTT, 0.025% Nonidet , 4% Ficoll, 5 ng/jd poly(dl-dC), 100 ng//tl bovine serum albumin, 1 -2 /d of 1:20 diluted fusion protein (see above) and 0.25 ng of labelled binding-site probe (10.000-20.000 cpm). Following a 20 min incubation at room temperature, protein-DNA complexes and free DNA were resolved by electrophoresis for 2.5 h (200-250 V, 30-35 mA) on polyacrylamide gels run in 1 xTris-borate-EDTA (53) at 10°C. Gels were prerun for 2 h before application of samples. After the run, the gel was dried and exposed to Cronex-4 (DuPont) x-ray film. For the oligonucleotide binding-site probes 5 % gels (29:1 w/w acrylamide/A^,A''-methylene-bisacrylamide) were used while 4% gels (39:1 w/w acrylamide/A',W-methylenebisacrylamide) were used for the circularly permutated 143 bp restriction fragments. Oligonucleotides and restriction fragments used as binding-site probes were end labelled using polynuleotide kinase and [y-^PJATP (53) . For the DNA bending assays 143 bp fragments were generated from the circular permutation vectors pICP4Bend and pAd2Bend (44) by digestion with the appropriate restriction enzymes (Fig. 5A) , dephosphorylated with calf intestinal alkaline phosphatase (50) and purified following agarose gel electrophoresis in 0.7% gels using Geneclean (Bio 101, La Jolla, Ca.). The plasmids pICP4Bend and pAd2Bend and the double-stranded oligonucleotides ICP4, Ad2 and Ad4 were obtained from C.P.Verrijzer and P.C.van der Vliet (44) . The double-stranded oligonucleotides A, B, C, D and M were obtained from C.Dent and D.Latchman (34) .
Northern blot and in situ hybridization analyses Isolation of total RNA, purification of poly (A) + RNA from zebrafish embryos at different developmental stages, gel electrophoresis and Northern blot analysis were carried out as described previously (54) . In situ hybridizations on tissue sections of zebrafish embryos after 6-, 12-, 24-and 36 hours of development were performed exactly as previously described (54) using both the entire cDNA insert and a 994 bp Eco^l-SaH. from the 3' untranslated sequence of pou[c] as probes.
RESULTS
Structure of the pou[c] cDNA and the derived protein sequence As part of a study aimed at elucidating the function of POU domain genes in embryonic development a cDNA clone containing the entire coding region of pou[c] was isolated by lowstringency plaque hybridization of a cDNA library derived from 33h zebrafish embryos using a 380 bp HindUl fragment spanning the salmon pit-1 POU domain (R.Aasland, unpublished) as a probe. The complete nucleotide sequence and the derived amino acid sequence of the pou [c] cDNA are shown in Fig. 1 A. The cDNA clone is 3056 bp long and contains an open reading frame (ORF) encoding a putative protein of 610 amino acids with a theoretical molecular weight of 63123 daltons. The ORF, starting at nucleotide 289 and ending with an UAG stop codon at position 2119, contains the POU domain. The putative start codon has only one mismatch (a T at position -2) to the Kozak core consensus (PuCCAUGG) for efficient translational initiation sites (55, 56) and is proceeded by a 288 nucleotide long 5' untranslated leader sequence containing two in frame stop codons. The 3' untranslated trailer sequence is 937 nucleotides long and no poly A tail is present indicating internal priming during cDNA synthesis. However, Northern blot analysis (Fig. 2) show a transcript of about 3.2 kb suggesting that the cDNA clone is close region at positions 328 to 341 containing 8 alanine residues, 6 of which would be located on one side of the putative alpha helix. A glutamine-rich stretch (10 out of 26 residues) is found from position 214 to 239. Surprisingly, the complete protein sequence is completely devoid of histidine residues and the aromatic amino acids tryptophan and tyrosine are only found in the POU domain. The POU S contains a putative protein kinase C phosphorylation site whereas the POUHD contains putative phosphorylation sites for both protein kinase C and -A (see Fig. 1A and B). The N terminus of the POUHD contains five contiguous basic residues, which together with one upstream basic residue, probably forms a nuclear localization signal (59, 60) . Fig. 3 the POU domain of pou[c] is compared to representative members of the five known classes of POU domain proteins. Adopting the arbitrary assignment of the N-terminal end of the POU domain introduced by Rosenfeld (9) , the conserved POU S domain is 69 amino acids long except for class IV which contains a three amino acids insertion between the A and B subdomains. The variable linker region is 15 (Pit-1) to 30 amino acids long (Dpou28), while the POUHD. as defined by Laughton (22) , is 60 amino acids long except for the inhibitory POU protein I-pou from Drosophila which is unable to bind DNA due to a deletion of amino acids 2 and 3 in the basic N-terminus of the POUHD (16) . In the POU S domain, 18 amino acids are absolutely conserved while 16 amino acids in the POUHD are absolutely conserved. It is evident from the sequence alignments displayed in For GMSA we used a set of double stranded oligonucleotides (see Fig. 4A ) containing the canonical octamer motif found in e.g. the adenovirus 4 origin of replication, the human histone H2B promoter, and the immunoglobulin heavy chain enhancer (oligonucleotides Ad4 and D), the degenerate octamer-TAATGAR motif from the Ad2 origin of replication (oligonucleotide Ad2), the TAATGARAT motif from the HSV immediate early gene ICP4 (oligonucleotides ICP4 and B), the degenerate octamer-TAATGATAT motif found upstream of the HSV ICP0 gene (oligonucleotide Q and a motif differing by a change from T to G converting the HSV ICPO site to a perfect TAATGARAT motif (oligonucleotide A). Finally, a mutant octamer oligonucleotide which does not bind Oct-1 or Oct-2 was used (oligonucleotide M). These oligonucleotides have all previously been used by others in GMSA of POU domain proteins (27, 34) It is evident from the results shown in lanes 1 -3 in Fig. 4B that pou[c] binds with high affinity to the HSV ICP4 TAATGARAT and the Ad2 degenerate octamer-TAATGAR motifs whereas binding to the canonical octamer sequence (Ad4) was barely detectable even after overexposure of the GMSA signals. The binding to the ICP4 and Ad2 sequences were quantitatively competed using increasing amounts of homologous unlabelled oligonucleotides (lanes 4 -8) . From Fig. 4C it can also be seen that pou [c] binds to the oligonucleotides A, B and C which all contain the motif TAATGAG/TAT, but no binding to the octamer oligonucleotide D and the mutant octamer oligonucleotide M is seen (lanes 11 -15) . Cross-competition experiments using a 50-fold molar excess of the oligonucleotides A, B, C and D revealed that A, B and C compete very well with me ICP4 and Ad2 sequences while the consensus octamer sequence of oligonucleotide D does not compete at all (Fig. 4C,  lanes 1-10) . Oligonucleotide B contains the ICP4 core sequence and is therefore expected to compete well with the longer ICP4 oligonucleotide. The degenerate octamer-TAATGANAT oligonucleotides A and C differ only at position 11 (see Fig. 4A ) and compete equally well for binding to the labelled ICP4 sequence as the completely homologous TAATGARAT sequence B. The Ad2 degenerate octamer-TAATGAR motif oligonucleotide A, which contains the first four bases of the octamer fused to a perfect TAATGARAT motif, seems to be a stronger competitor than oligonucleotides B and C. In summary, the results displayed in Fig. 4B and C clearly show that the POU domain of pou[c] binds with high affinity to the TAATGARAT and degenerate octamer-TAATGAR motifs and with very low affinity (only detectable after overexposure of GMSA signals) to the canonical octamer motif. Thus, pou[c] is not an octamerbinding transcription factors like the previously described Oct proteins. Comparison of the oligonucleotides used in this study (Fig. 4A) suggests that a change from G to A at position 9 may abolish high-affinity binding and a change from T to A at position 5 could also be detrimental to binding of the pou[c] POU domain.
Zebrafish pou[c] defines a new class of POU family proteins In
Mutations in the RAT part of the TAATGARAT motif (oligonucleotides C and Ad2) seem not to influence pou[c] binding significantly. This has also been found for the Oct-1 POU domain (26) . The GST-pou[c] fusion protein always gave two specific bands in GMSA. Presently, we do not know the reason for this, but it may be due to different conformations of the fusion protein or to dimerization.
Pou[c] induces DNA bending upon binding to the TAATGARAT and degenerate octamer-TAATGAR motifs
Bent DNA can be detected due to anomalous migration in polyacrylamide gels since bent DNA fragments migrate more slowly than linear fragments of the same size. This is also the case for bends induced by proteins binding to specific sequence motifs (61) . The position of the bend influences the electrophoretic mobility of the protein-DNA complex with maximal retardation occurring when the bend is located at the middle of the fragment and a gradual reduction in retardation is seen for bends positioned at incremental positions towards the ends of the fragment (44, 62) . Recently, Verrijzer et al. (44) showed that the POU domains of Oct-1, Oct-2A, Oct-6/SCIP/Tst-l and Pit-1 induce DNA bending and that this effect was due to the POU S domain. We therefore asked whether pou[c], being a rather divergent POU protein (46%, 42%, 42% and 49% amino acid sequence identity to the POU domains of the abovementioned proteins, respectively), could Since the C-terminal region downstream of the POU^, is very short the N-terminal region upstream of the POU domain should harbour major transcriptional activating elements. Such elements are relatively poorly characterized, but different structural features such as acidic regions with amphipathic helices, glutamirie-rich, proline-rich, and serine/threonine-rich domains have been shown to be involved in activation of transcription (36, (64) (65) (66) . Interestingly, pou[c] contains an acidic stretch of 82 amino acids extending from the N terminus including a putative amphipathic alpha helix with one hydrophobic and one acidic face. A glutamine-rich region as well as short stretches of local overrepresentation of threonine and/or serine residues are also found in the 453 amino acids long region upstream of the POU domain. All these are features typical for transcriptional activating elements. It is also possible that the POU S domain may contribute to transcriptional activation (23,67). Our DNA-binding studies show that pou[c] is not an octamerbinding protein like the previously described mammalian, chicken and Xenopus Oct proteins. Instead, pou[c] binds with high affinity to degenerate octamer-TAATGA-and TAATGARAT motifs. Although we do not presently know the functional in vivo sites for pou [c] binding, the results reported here strongly suggest that these sites should be related to the TAATGARAT-and/or degenerate octamer-TAATGA motifs rather than the canonical octamer motif. In this context, it may very well be that several of the mammalian Oct proteins described, except for Oct-1 and -2, may not be true octamer-binding proteins. In a detailed study of the contacts made between the isolated POU domain and POUHD of Oct-1 on the Ad2 sequence, Verrijzer et al. (26) showed that the POUHD contacts the ATAATGA sequence whereas the complete POU domain also makes additional contacts 5' to this sequence. TAAT is the core consensus for binding of a variety of homeo domain-containing proteins (22) and Oct-1 binding to the ICP4 TAATGARAT motif is mainly due to the POUHD . Deletion of POU S has only a limited effect on binding to this motif. It may thus be possible that binding of pou[c] to this motif is mostly directed by the POUHD an^ perhaps further stabilized by the POU S . For Oct-1 it has clearly been shown that the contribution of POU S to DNA binding depends on the target sequence (26) . This may also be the case for the zebrafish POU protein studied here. The POU domain is clearly a dynamic DNA-binding structure allowing sequence-specific binding to rather different motifs (see e.g. 28). In future work it will be important to determine the functional in vivo sites and exact sequence requirements for specific binding of poufc].
DNA bending may be important in positioning bound proteins for functional protein-protein interactions both in transcription and DNA replication. DNA-bending proteins may, by changing the orientation and direction of the bend, be able to select among different protein-protein interactions in regions where many factors are bound to DNA (68) . DNA bending does not seem to be a general feature of eukaryotic transcription factors and has hitherto only been demonstrated for little more than a handful of such proteins (see e.g. 44,69 and references therein). However, the fact that Oct-1, Oct-2A, Oct-6, Pit-1 (44) as well as the divergent pou[c], together representing four classes of POU family proteins, all induce DNA bending strongly suggests that this is a general feature of this protein family. Also, the relatively moderate degree of bending observed does not seem to vary greatly neither between different POU proteins nor between different binding sites. It is also quite possible that the differences in bend angles seen reflect differences in shape of the proteins analysed due to regions outside the POU domain since bending is induced solely by the POU S domain (44) . Bending angles of the magnitude seen for the POU proteins have been determined for lambda cl (46°) and Cro (30°) repressors binding to the ORI operator using 8% gels (62), the Xenopus estrogen receptor (34°; 69) and from the crystal structure of a Cro-operator complex (40°) (70) .
POU family proteins may not only function as transcription factors. They may also be involved in stimulation of initiation of DNA replication (27) . Interestingly, pou[c] is able to stimulate initiation of adenovirus DNA replication in vitro (C.P.Verrijzer and P.C.van der Vliet, personal communication) suggesting that this ability may also be a general feature of POU domain proteins.
Of the previously described POU genes only oct-1 seems to be expressed in most tissues. It is therefore intriguing that our in situ hybridization analyses strongly suggest that pou [c] is ubiquitously expressed during embryonic development although the highest level of expression is seen in the CNS. Thus, our results on pou[c] expression indicate that there may be additional ubiquitously expressed POU genes also in mammals and other vertebrates that have not been isolated yet. In view of the ubiquitous expression of the divergent pou[c] transcription factor, it will be of great interest for future studies to elucidate the function(s) of pou[c] in transcription and/or replication and to determine whether pou[c] is involved in the regulation of a distinct set of target genes.
